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Abstract

The scope of the work was to oplimize device and circuitl perameters of
planar Tield efTect controlled ‘ransferred electron devices ("FECI XDs’) to
meet the theoretically predicted limits of conversion efficiency (4 - 8 %),
bandwidth and upper [requency limil. This was done by employing both
computer simulations and empirical methods. The main objective was to
develop a voltage tunable 35 GHz MMIC oscillator. The results achieved
with both discrete FECTEDs mounted in microstrip circuits and monolithi-
cally integrated ("MMIC') oscillators are encouraging: discrete FECTEDs
produced pulsed power levels in the SO0 mW range with 5 % efliciency and
30 mW with 3 ¥ efficiency in cw operation. However, variations in FECTED
mounting lead to unpredictable bonding wires inductances making it diffi-
cult to design an oscillator for a desired frequency. To the contrary, precise
control of frequency was possible with fully integrated MMIC oscillators
but efTiciencies and power levels achieved with these oscillators up to now
were onty around | ¥ and 5 - 10 mW, respectively. Besides higher effi-
ciency aiso better spectral purity was exhibited by discrete devices due 10
the dielectric resonator used in the microstrip circuit. It is ajmost certain
that MMIC oscillator efficiency can further be incressed by improving
coupling circvitry. It shoutd be emphasized that, due to our well controlled
technology, very high yieid (100 % for the third batch fabricated in july
1989) with equal DC and AC parameters within one batch of MMIC oscil-
lators has been achieved which is primarily a consequence of the simplicity
of the device.

List of Keywords

MMIC competible transferred electron devices ('FECTEDs")

Fullv monolithically integrated ("MMIC’) osciliators

Voltage tunable signal source at millimeter wave frequencies (26 - 40 GHz)
Gallium Arsenide and [ndium Phosphide devices

Injection controlled planar Cunn diodes

Gunn-effect




Program Objectives

The aim of this program was o optimize device and circuit parameters of
both discrete and monolithically integrated plansr field effect controlled
transferred electron devices ("FECTEDs") to meet the theoretically predicied
fimits of conversion efficiency, bandwidths and upper frequenéy limit. The
research program was (o be directed at problems associsted with device
physics, device technology and circuit design. '

Work performed on this program

The work on this program can be divided into three areas - device simula-
tions, fabricating and mounting discrete FECTEDs. in property designed
microstrip circuits and fabricating monolithically integrated FECTEDs
("MMIC oscillators”). Details on the first two areas have been presented in
ix interim reports as well as in papers published during the course of this
program /1/, /2/. They will be rcviewed briefly in this (final) report. The
bulk of this report will be devoted to the voitage tunable MMIC oscillator
which was the final goal to be achieved in this program.’

Device structure

A cross sectional view of the FECTED is shown in Fig. [. [t is basically a pla-
nar transferred electron device with a MESFET-like cathode contact. The
eleciron injection is controlled by the negatively biased Schotiky gate to the
extent that travelling domains cannot form. Instead, a stationary high field
domain forms in the gate-drain region which exhibits a frequency-inde-
pendent negative diiferentizl resistance. This two-terminal negative resi-
stance is used for both amplifying and generating signals at frequencies
determined by external circuitry. :

Device simulations-
Computer simulations have been performed in order to find cptimum va-

lues for doping level, device geometry, drain bias voltages and RF voltage
swing. Since only a one-dimensional computer program was available the




two-dimensional MESFET-like cathode structure could not be inciuded in
the computations. It was therefore simuiated by a constant current injector.
In a real device, the magnitude of the injected current can be adjusted by
the negative gate bias voltage. Of course, the optimum gate length cannot
be obtained with this computer program and has been determined empiri-
cally. In this work gate lengths between 0.5 um and 2 jum have been used.
A short'gate might be advantageous as a small DC voltage drvy is obtained
thereby maximizing efficiency. On the other hand, a MESFET cathode with a
very short gate (smaller than 0.1 um) will not allow constant current injec-
tion. A gate length of 0.7 ;im might be a good compromise.

The simulations have shown, that best efTiciencies (4 % - 8 %) can be obtai-
ned with devices having doping levels in the vicinity of S 1 [0/¢ ca3 and
gate-drain spacings between 2 and 5 um /3/.

Discrete FECTED oscillators

Discrete FECTEDs made from both GaAs- and InP-materials have been te-
sted in microsteip circuits shown in Fig. 2. The three contacts - source, gate
and drain are wire-bonded to SO microstrip lines. Miccowave signals are
coupied o and from the drain contact. Two identical stub-lerminsted 3 /8
long sections, ccnnected to gate and source, provide capacitive loads to
them thereby compensating for bonding wire inductances. Ampiification
over aimos: 10 GHz has been measured with a mazimum gain at 37 GHz. In
order 10 produce free running oscillations 2 dielectric resonator was placed
near the drain contact. The results obtained are summarized in the table
shown below. -

gru‘n
Materiad p,,u]’,, Vos V) { Vs (V3] HA) jeff. % |M(m¥) |fGR)
Width
GaAs lus | 70 -3.0 013 33 | % ‘284
GaAs lus | 6.1 -7.9 013 49 39 374
[aP {us | 113 -43 017 29 b) 344
GaAs 40us 87 -833 ] 013 29 293 | 298
GaAs 60ue | 34 -91 0144 | 38 298 | 373
|




Monolithic FECTED oscillators

Among all the well known advantages of integration of both active and pas-
sive elements on a single semi-insulating substrate (MMIC) the salient
feature is the efimination ¢f bond wires which are a source of uncontiolled
parasitic elements making precise control of oscillation frequency impossi-
ble. | ‘

.Fig. 3 shows a photograph of the S x 5 mm? monolithic oscillator chip. The

circuit connected to the FECTED is similar to the microsteip circuit shown in
Fig. 2 except for an additional Y-shaped resonator section replacing the
dielectric resonator used in the hybrid circuit. The length of the upper bars
of the "Y" has been chosen to provide an inductive impedance to the drain
contact. This inductance determines the frequency of oscillation in conjunc-
tion with the device capacitance. This, of course, is valid only if the two
other (mushroom-like) resonating elements provide ground potential to
both gate and source contacts at the oscillation frequency. The length of
these two stub-terminated transmission lines has been chosen /2 at 35
GHz. ‘ ‘

Monolithically integrated FECTEDs have produced stable oscillations in a
frequency band around 35 GHz. The resulis are summarized in the table
shown below.

Device No. |V, (V) [V (V)| I(A) [eff. % |P(mW) |f(GHz)

8 | 6 [0073 | 093 | 37 | 361
73 | 67 {007 | 108 | 57 | 337
68 | 48 | 008 | 103 | 56 | 348

The three devices (No. 1, 2 and 3) exhibit very similar electrical parame-
ters. 100 % yield has been obtained with this batch of devices confirming
that improved reliability can indeed be obtained with the MMIC approach.
Another advantage of the MMIC version is the wide tuning riange achieved
with gate bias tuning: | GHz with 3 db output power variation and S00 MHz
with 1 db variation. Fig 4 shows spectral characteristics measured at three
different frequencies. As expected from classical oscillator theory the os-




cillator noise decreases with increasing frequency. However, a comparison
with the spectral characterisitics of discrete dielectric resonstor naded
FECTED oscillators shows that the MMIC oscillator produces kigher noise
levels than discrete oscillators /2/ which is obviously due to the low quali-
ty factor of the MMIC osciflator.

Conclusions

Our conciusions based on this contract are as follows:

i

I\

Planar GaAs and .aP field effect controlled transferced electron devices
("FECTEDs") are attractive candidates for fabricating monolithically in-
tegrated millimeter-wave oscillators due to their siﬁ:ple strocture and
the absence of transit-time effects.

Discrete FECTEDs mounted in duroid based microstrip circuits have
produced the theoretically predicted efficiencies ( 5 %) at ka-band fre-
quencies with power levels around 50 mW. At 29 GHz and 34 GHz the
highest vutput power levels ever obtained with lateral TEQ's and FET
oscillators and at 37 GHz the highest lateral TEQ output power have

~ been produced. Optimum values for active layer doping and thickness

are 51 10/6cm-3 and 0.9 um, respectively.

Monolithically integrated FECTED-oscitlators ("MMIC" oscillators) have
been fabricated with high yield, high reliability and precise frequency
control which is primarily a consequence of eliminating bonding wires.
With unoptimized circuits 1 % efficiency and 5 mW output power have
alceady been oblained in cw-operation. With better coupling arcuitry

higher values (perhaps 3 % eff. and 15 - 30 mW) should easily be ob-
tainable.

Discrete FECTEDs mounted in microsteip circuits loaded with a dielectric
resonator exhibit better spectral characteristics than MMIC FECTEDs
due 10 the high quality-factor of dielectric resonators, which czomot be
used in monolithic circuits because of their large size. To reduce MMIC
oscillator noise one must provide other resonating elementes such as
overlay or inter-digitated capacitors, etc. Further work atong these lines
is clearly necessary. However, since FECTEDs are two-lerminal devices,




circuit design is probably much easier than it is in the case of three-
terminal devices as transistors are.

In order to further improve efficiency we recommend to use modula-
tion doping, i. e., a HEMT structure which should exhibit a higher peak
to valley ratio due to the high low field mobility and to real space
transfer at high fields. The use of such a structure would make the
FECTED HEMT-compatible. ‘
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Fig.3 Photograph of a MMIC FECTED oscillator
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IC-COMPATIBLE 4 mW X3-BAND GaAs
TRANSFERRED-ELECTRON OSCILLATOR

Indexing terms  Semiconductor devices and matenals, Field
effoct dewces. Oxrilators, Microwawe osciilators, Planar (rens-
Jevred vlectrom ox iilators, mew-weot grweyetion

The performance of s planar feid effect controlied trame-
forred ciactron r} Res bere wgmificantly (mproved by
reducing the lengih of the low fedd repons nesr drasm and
ource. ¢SmW with 4 )% efhoency 3t 28 4GHz and 24mW
onk 32, st }7 4GH2 have busn obtarned, winch 18 8 {actor
of 4 S umes larger thas was obtacsed & yeat ago.

1t w well known that GaAs monohihic MESFET amplifiers
can be operated at muh e-wave [r ws with high
output power levels and high eficencres.' | The mtense devel-
opaents of mm-wave FETs aiso resulted 1n high performance
osc:itators producing OmW at M GHz with 0% efficrency’
and 12 8 115GHZ monohithic GaAs FET oscillator* whach,
however, produced a drastically reduced output power of only
OImW. Thie steep decresse of power cannot he ¢cplained
aione by the | /1 .law dus to the Lransit-ime Limitation +FETs
are wubsect to. Other cffects such as short channel effects.’
current impection into the bhuffer layer or paraufc hipolar
effects® must he made responsibie 1n additon to the difficulty
of circuit matching of a thres terminal device.

A simpier approach to monohithic oscillator design s to use
a planar tranderred-cleciron oscillatoe (TEO) with an inyec-
ton initing cathode contact a8 first descnibed 1n 1982, in
this device the electron imection 1 controlied by a negatively
based Schottky gate preventing travelling domains from
forming. Instead, 4 stationary high ficid domain forma in the
gate-drain regon which exhibits o frequency independent
negative remstance. The devioe 18 thus not wubect 110 the usual
transit-time imitatson that conventional TFOs and FETs are
wuffening from.

¥ig | Croes-sectionad rorw of FECTED

The purpose of this letter 1 (0 report new results obtained
with devices having reduced parasitic reeistances. Fig | shows
& crose-sectional view of the Jevice used. {t consitn of a
09 um thick MOCYD-grown active a-(iaAs laver (¥, = $
« 10'%em "L & Schottky druin contact, an ohmic wource
contact and 8 (3 um long overispping Schottky gate weparat-
od {rom the source by a 0 nm thick Si(), laver which coa-
nects the gate to source AC wing The new feature of he
Jdevie 1% that both wurce and dran contacts have heen
moved (owards the gate mak.ng the engihe of the low feld
regons outtde 'he stationary high field domain much horter
than those 1n previously used devices.® This results in ugnif-
cantly imalier senes reustances.

The new device have hecn t=xted in micTostnp circunts iden.
tical to thowe used in previously performed expenments.’
Frg 2 chows the configuration of the teat circust There ire
two wientical resoastors connected 1o source and gate, respec-
tively Thesa are stub terrminated (4.4 + . i) long 0() trans-
muaion hines peoveding capscitive impedances n order (0
Lompemsate [or the various bonding wire induciances. In adds.
ton to these a dieloctric resonator (7, = 34 GHz 1 placed
near the device needed ior establishing stable osailatons
Without 'his resonator the devics «1hibits stable reflection
gun of weverad 4B from 0 to 0 GHr with 2 1048 gain peak
at VT8 GHy

Two modes of onerdtion have bese obwerved depending os
the magnitude of the gate mas voltage At V, = -5V and
Vp 3 6V transit-time osciilatioss occur charscterwed by cyche
domain formation at the gats and domasn extinction at the
drain contact. In ths mode 45mW puised output power has
betn penerated with 4-3% officsency ot 28 4 GHe.

ALY, = ~7V the sams devce oscillated 1a the so-called™*
‘field cffect comtrofled irsmsferred clociron devie’ or
FECTED-mode charactersed by & ‘breathing' hugh feld
domain located underneath the gate and exiending somewhat
nto the gate-drain repon. Ths mode has also besn called
‘TET-mode’ by Rofland et al.® It w & tranmt-time independent
mode of operation and therefors circwit dominsted. 24 mW
with ) 2%, efficsency have been obtamed at 174 GHz, which is
9 GGHz above the tranet t:me frequency.

tul Ly A

gate v

i e
[

Fig 1 Murostrip lavow of 17 GH1 sxcrliator

To avord poessble burn-ouwt the devices exhibnting the best
dats have hoen onerated only with puises up 1o 10;a Lower
doped Jevices with W0 lower drun currents have hoen oner-
ated CW producing [9mW with 2 1% efficrency at 23 4GH2
and 1SmW with 1 7% efficiency at V7 4 GH2

In wummary we have demomstrated that planar CisAs
FECTED osallators are sttracive MMIC compalible cands-
dates for local osarliator sppications at Ke-band and posibly
st higher (requencies as they are not transit.time limited hike
conventional TFOu and FETs aes. At 17 4GHE the highest
output power and efficcency ever obtained with laters)
TEFO'® and st 284(iHe the highest output power ever
obtained with fatersl TEFOs'® and FET' cenrilatoes have been
achreved ’

This work waa tupported 1n part by the Austnan Fonds rur
Foerderung der wimenschafthchen Forchung and dy the 'S
Army through its Furopean Ressarch (Wfice.
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MIMIC-Compatible GaAs and InP Field
Effect Controlled Transferred Electron

(FECTED

Oscillators

HELMUT SCHEIBER. KURT LUBKE. D. GRUTZMACHER. CHRISTIAN G. DISKUS. .
AND HARTWIG W, THIM, SENIOR MFUBER, IEEE

Abstract — A MM -cumpatible ramiberred chctron osnlistor is in-
sentignted which wtifizes the {requency indepradent Regative rewriance of
fhe sstionars charge dipole dommn thet formn m the chonnel of a
MESFET. Dervices {abricaied from Gads and InP exhibht % mW u 29
GHe ond 85 mW ot M CHY. respretmely. CW power lrveln e somewhiot
lomer (30 mW). Thews poner lereh are the highet vrer obisined wich
toternl tramnferred clrctron osoillston snd FET onciftsary

I INTRODUCTION

ONTINUOUS progress Jdvring the last few years in
Clhe development of millimeter-wave circuits for com-
mumcation and radar svsiems has stimulated the search
for a planar IC.compatible mullimeter-wave source for
both local osciltater and VCO applications. The two suc-
cessfully applied approaches are the GaAs FET osaillator
and the plunar transferred electiron asatlator (TEO)

The intense developments of nullimeter-wave FET s has
resulted in Mgh-performance oscillators capable of produc-
ing 30 mW at 34 GHz with Y0 percent efficiency (1] and in
3 115 GHz monaolthic GaAs FET osallater {2). which.
however. produced a deastieall reduced output powey of
only 0.1 mW. This scep decrease of power cannot be
explained merehh by the | (7 law due 1 the tranut tme
limitation that FET S are subject to Other effects, such as
short-channel effzcis [ current inpection 1nto the bufler
layer, or paracitic hipolar effects (4] must be considered 1in
addivon 10 the difficulty of ciicuit matching in 8 three-
terminal device THO'S exhibit lower efficiencies but re-
quire simpler loading aromts since thev are two-terminal
Jdevices, They dre much casier 10 manufacture hecause
swhmicrometer dimenvions are not needed. 1o addition
TRO's are known (o their supentor nosse perfarmance.
However. since conmvennonal TEO'S are usually operited in

Manust prorecened Apel 3 (%9 rested July 100 JIRY This w ok
was wpparted n part By che Austran Fondy rue ) ocrdering der win
wrschalthchen Forwhung, by the | ony based company CLEF G and by
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the traveling domain modz (*Gunn oscillations™) [$) they
also suffer from the transit time (1//?) limitation. leading
10 2 6 dB per octave decrease of outpu! power.

A method for circumventing the transil ime hmiation
18 0 use a planar TEO with an ingection limiting cathode
contact of the type first descrbed in 1982 [6]. In this
device the electron injection is controlled by a neatvely
biased Schottky gate 1o the cxtent that traveling domains
cannot form. Instead. a stationary high-field domarn forms
in the gate-dran region which exhidbits a frequencv-inde-
pendent negauve recistance. The injection current of the
device can be cortinuously adjusted by the Schotthy gate
bias voltage. allowing some additional tuning. Computer
stmulations described in thus paper explain the principal
operation of 1he device and show the dependence of power
and elficiency on doping level, device length. and operat-
ing {requency. Maximum efficiencies oblainabie with GaAs
devices are of the orde: of 9 percent at frequencies he-
tween 30 and 50 GHz. Expenimentsl efficiencies measured
betveen 30 and 37 GHz are somewhat lower (5 percent)
but confnm the abwence of the transit time limitaton &t
Ka-band frequencies.

1. DEVICE SIRLCTURE

A cross-sectional view Af 2 typieal device 15 shown in
Fig. 1 1t s wimnlar 10 8 normal MESFET having an
exiended gate-drain remon and an integrated gate - wwurce
capacitance. MOCVD-grown a-type GaAs and InP lavers
fave been used. The InP n laver i« covered with a thin
(100 Ay undoped Liver in order 10 obtain & good Schottky
harrier The actine biver doping concentrations have heen
chocen hetween 2101 om *and 610 cm Y for GaAe
and G107 cm ! for InP Al devices conaist of an chrue
source contact (Ni-Au Ge). a Schottky anode contat
(Ti Au). and an overhipping Schoitky gate contact «rna-
rated from the source by & SOOA-thwk chemical Lapor
deposited $10), laver The device width ix 400 pm. Both the
length of the Schottky gate and the distance hetween ate
and sourie hasve heen cromen to be 05 um. The lenpth of
the airne region (hetween gate and ancde contact) was
vanied from 2 3 10 £ um. The thkness of the semi-inwuiat-
ing substrate 1 100 gm
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(o)
Crons-sectional view of (8) GaAs and (b) 1oP devices.

Fig 1

I11.  DEVICE ANALYSIS AND SIMULATION

It is well known that in a normal MESFET a stationan
high-field domain forms in the gate-drain region. The
formation of traveling Gunn domains is prevented when
the electron injection through the gate is reduced to abowt
50 peruent of the peak current level (7). Under this condi-
tion, a8 negative differential resistance occurs in the
gate-drain region Jue to the transferred electron (“ Gunn™)
effect.

For better understanding of the whole process, a one-
dimensional computer simulation has been performed by
solving Poisson's equation, the continuity equation, and
the integral current relation. The electron velocity r( £) i
calculated using the analytical expression {8]:

wE +0,(E/Ey)’

wlE)= 1+(E/E,)*

(1

According to this cquation the velocity 1€ an instantaneous
function of local field. thus neglecting delays caused bv
intervalley scattering and energy relaxation. Hence the
results of this analysis are valid only for frequencies up to
. approximately 60 GHz and for device lengths greater than
1 um. The structure used 1n the stmulation is shown in Fig.
2. The injection limiting cathode contact represents the
one-dimensional equivalent of the gate-source region of a
real device. The current /. injected into the first (left) cell
of the device was kept constant in order 1o properly
simulate the saturaton current of a MESFET. One-dimen.
sional doping fuctuations as well as a higher doping
region at the cathode contact have also been incorporated.
as they are known (o act as nucleation centers for dipole

WEHE FHANN G FIONS ON MICROMAYE FHIORY AND HEANIQUIS. VO VN0 12 i unt R YRS

2% GHz - 60 GH2

NESEET Schetthy
cathode ede
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corrent I K-torreat
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i
‘ 1
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Fig 2. Simulated device structure and crrcunt.
TABLE |
[» —— |
! 13 w -3
L average doping level b 110 -S10 ¢cm H
" device length © 25um Sum. 10 um
§opC-voltage I 4sv-20v
j amphitude of AC-voitage | 49V - 1RV !
i [requency } :
i

domains in devices with an overcritical N L product. The
simuittion parameters are summarized in Table 1.

Fig. 3 shows a sequence of field and carrier distributions
of a S-um-long device calculated at different instants of
tume and the accompanying voltage and current wave-
forms. The frequency of operation is 35 GHz. and the dc
voltage is 4.5 V. the amphitude of the ac voltage is 3.5 V,
allowing a voltage swing down to threshold. As can be
seen from Fig. 3 the field is below threshold in & substan-
31 part of the device. This region thus acts as a posilive
resistance, thereby contributing to loss. It also causes an
upper frequency himit ( RC limitation). In order to mini-
mize the influence of this lossy region the device length
must be kept shori.

Fig. 3 also shows that bunches of clectrons traverse the
depletion region, thereby introducing transit time effects.
These effects can enhance efficiency if both the doping
level and the bias voltage dre chosen properly. Fig. 4 shows
calculated efficiencies versus frequency for different dop-
ing levels and bias voltages. Higher efficiencies occur at
higher frequencies at higher doping levels and lower bias
voltages. which can be atirthuted to adjusting the transit
time of the electron bunch close to the oscillation period.

The best calculated cfficiecies in the 30-60 GHz range
are about 9 percent for GaAs devices and are somewhat
higher for InP devices when allowing a current injection of
about 58 percent of the peal current. For slightly in-
creased injection current levels the device breaks into
traveling domain (Gunn) oscdlations at the gate-drain
transit time frequency.
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Fig. 3 Microstnp lavout.

1V. EXPERIMENTAL REsutTs

Both GaAs and InP devices have been tested in mi-
crostrip circuits fabricated on 250-pm-thick Duroid sub-
strate, as shown in Fig. 5. The device is glued onto the
copper heat sink within a rectangular hole cut into the

FREQUENCY [6¥2)

Fig, & nput and output powers versus frequency of a FECTED reflec-
ton- 1 pe amphifier.

Duroid substrate. All three contacts-—source, gate. and
drain—have hcen coanected to the microstrip circuit using
gold honding wires. The two identical stub-terminated
3A /8 long transmission lines provide capacitive
impedances to both source and gate. compensating bond-
ing wire inductances. With this circuit amplification over
almost. 10 Gi{z has been measured with a maximum gain
at 37 GGHz. A drain voltage of 7.5 V and a negative pate
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voltage of ~6 V have heen applied to this device. Fig. 6
shows measured output power versus frequency with an
input power level of approximately 1 mW.

in crder to produce free-runring vsallations, several

resonance circusts have been tested. The best results have
been achieved with dielectne reconators placed near the
drain contact and by carefully adjusting the gate voltaye.
Since the frequency of oscillation 1s Je‘ermined not on.v
by the diclectnc resonator alone tut alsc by the dewice
impedance, the [requency can be shifted by varving the
gate bias voltage. Frequency turang up to 200 MHz at a
center frequency of 30 GHz and up 10 S00 MHz at 37
Gliz has been observed.

Tuble 1l cummanzes the best expenmental results The
highest efficizncy of a GaAs device at 28 4 GHz (or short
pulse operation was 5.3 percent. At 27 GHz the efficiency
1s unly a bit smaller, showing the absence of the transit
ume himitation. A small decrease of efficiency 1s obened.
which is atinbuted 10 such parasitic impedances as the
drain-gate capacitance.

The efficiencies obtained with InP devices are somewhat
smalier owing to the difficulty of making a good Schottky
gate contact to InP. Nevertheless. the ovtput power level
of InP devices 15 1n the S0 mW range

In order to prevent bumnout. the higher current devices
hav ¢ been tested with long drain pulses. The output power
levels obtained with long pulses are generally lower duz to
the high operating device temperature. Thes temperature
level 1s beireved 1o be close to that wcon-ning 1n CW-oper-
ated d=vices wince the power output ~emans unchany. d
when increasing the duty ovcle from 10 to 40 peroent

Fig. 7 <hows the spectral charusctensucs of a free-run-
meez 8 mW CWeiperated FECTED oscillator. By a crue
anpection o thrs charactenstic. one can speculate that
FECTED owallator noise 18 comparable 1o convention.,
Gunn oscillator noice,

V. Concrusions

I has heen <hown that GaAs or InP FECTED owilla-
tore are atiractive candidates for monohthic nulluneter-
waveantegrated aircunts, especrally at very high frequencies
since thev are not tranat tune himited. as comentional
FEO' and FET's are At 29 GHz and 34 GHz the hignest

Frg T Spectral characten e of 3 frec runming ¥ mW CWeoperated
LECTED

outpul power levels ever ohtamed with lateral TEO's and
FET ocallators and at 37 GHz the highest lateral TEO
cutput power have heen produced. A further increase of
output power should he posable by umply increasing the
device wadik as thicas not g entical dimension with respect
to gate resistance. However. the efficiencies measured at
Ka-band frequencies are ugmihcantiy lower than FET os.
cillator efficiencies but might become comparable at E-
band and W-band frequencies due 1o the absence of the
transit ume himitation and o the wmpler foading crrcurtey
required by the two-terminal FEFCTED However interval-
lev scattering and energr refavatiog imes reduce the effec-
uve peak-to-valiey rauo at high frequencies, causing an
upper frequency imit that FET ocaillators are not subject
to This tiequency Bimit bas not e becr determined
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